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ABSTRACT
We study specific star formation rate (sSFR) and gas profiles of star forming and green
valley galaxies in the Simba cosmological hydrodynamic simulation. Star-forming
galaxy half-light radii (Rhalf) at z = 0 agree well with observations, but its evolu-
tion ∝ (1+ z)−1.1 is somewhat too rapid. We compare Simba z = 0 sSFR radial profiles
for main sequence and green valley galaxies to observations (Belfiore et al. 2018).
Simba shows strong central depressions in star formation rate (SFR), specific SFR,
and gas fraction in green valley galaxies and massive star-forming systems, qualita-
tively as observed. This owes primarily to black hole X-ray feedback, which pushes
dense central gas outwards; turning off X-ray feedback leads to centrally peaked sSFR
profiles as found in other simulations. In conflict with observations, Simba yields green
valley galaxies with strongly dropping SFR profiles beyond >∼ Rhalf , regardless of AGN
feedback. The central depression owes to lowering the molecular gas content, while
the drop in the outskirts owes to a reduced star formation efficiency. Simba’s satellites
have higher central sSFR and lower outskirts sSFR than centrals, in qualitative agree-
ment with observations. At z = 2 Simba does not show strong central depressions in
massive star-forming galaxies, whereas observations do, suggesting that Simba’s X-ray
feedback should be more active at high-z. Reproducing the central sSFR depression
in z = 0 green valley galaxies represents a unique success of Simba, but the remaining
discrepancies highlight the importance of SFR and gas profiles in constraining the
physical mechanisms by which galaxies quench.
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1 INTRODUCTION
Galaxies broadly fall into two classes: star-forming spi-
ral galaxies, and quiescent elliptical galaxies. They occupy
clearly distinct regions in the color-mass parameter space,
the so-called ‘blue cloud’ and ‘red sequence’ (e.g. Strateva
et al. 2001; Baldry et al. 2004; Balogh et al. 2004). In be-
tween there is the ‘green valley’, regarded as a transition
zone since all galaxies must begin as star-forming while the
? E-mail: sapple@roe.ac.uk
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most massive galaxies tend to be quiescent, which suggests
that at some point blue galaxies must stop forming stars
and become red and dead (e.g. Bell et al. 2004; Faber et al.
2007; Martin et al. 2007; Fang et al. 2012). What physical
driver(s) quench galaxies, i.e. transform them from being
star-forming to quiescent, is a longstanding yet poorly un-
derstood question in galaxy evolution.
Modern galaxy formation models generally invoke feed-
back mechanisms associated with active galactic nuclei
(AGN) to quench galaxies (see e.g. Somerville & Dave´ 2015,
and references therein). Beyond this general notion, there re-
mains much uncertainty regarding the physical mechanisms
© 2019 The Authors
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by which such AGN feedback operates, what triggers such
feedback, and with which galaxy and/or halo properties such
feedback most strongly correlates.
Generally, quenching mechanisms fall into two broad
categories. In merger quenching, major mergers are re-
sponsible for generating a starburst that evacuates the
gas due to strong stellar and AGN feedback, leaving a
dispersion-supported galaxy with little cold gas left to form
stars (Springel et al. 2005; Hopkins et al. 2008). In halo
quenching, feedback associated with AGN causes the halo
gas around the galaxy to be heated, which starves the cen-
tral galaxy of further accretion, eventually causing a ces-
sation of star formation (Bower et al. 2006; Croton et al.
2006; Somerville et al. 2008; Gabor & Dave´ 2015; Peng et al.
2015). Both models have observational support: for merger-
driven quenching, observations clearly connect mergers with
starbursts and AGN activity (e.g. Sanders & Mirabel 1996),
while for halo-driven quenching, bubbles seen in X-ray emis-
sion of galaxy clusters could potentially provide sufficient
PdV work to offset gas cooling (McNamara & Nulsen 2007).
Many galaxy formation models, both semi-analytic and hy-
drodynamical, have implemented one or both of these forms
of quenching in heuristic ways, and are thereby able to
broadly reproduce the observed population of quenched
galaxies.
A different set of constraints on quenching is provided
by the bimodality in galaxy morphologies. At face value,
merger quenching is attractive because it combines the
quenching of star formation with a nearly concurrent trans-
formation from spiral into elliptical. However, the existence
of numerous“red disks” (Schawinski et al. 2010; Bundy et al.
2010) with late-type morphologies but little or no star for-
mation suggest that the morphological transformation and
quenching are not necessarily coeval. Meanwhile, simulations
suggest that after halo quenching causes starvation, the typ-
ically denser environment can result in minor mergers or
galaxy harassment that can transform morphologies with-
out the need for a major merger (Oser et al. 2012; Gabor
& Dave´ 2012). However, the existence of rapidly-quenched
systems such as post-starburst galaxies (e.g. Zabludoff et al.
1996; Wild et al. 2010) suggest that such a slow mechanism
as starvation may not be sufficient to explain all quenched
systems. Alternatively, it was shown that while mergers can
lead to the formation of ellipticals, triggered AGN-regulated
quenching is needed in order to freeze the post-merger mor-
phology of a galaxy and prevent the disk re-formation (Ga-
bor & Dave´ 2012; Dubois et al. 2016). Hence it is likely that
both quenching mechanisms are at play, with variations in
importance that depend on galaxy mass, merger history, cos-
mic epoch, and environment.
To shed more light on galaxy quenching mechanisms, it
is interesting to examine whether quenching occurs inside-
out or outside-in, i.e. whether the bulge region drops in star
formation rate prior to the disk, or vice versa. Inside-out
quenching could indicate some internal process is responsible
for evacuating or heating the star-forming gas in the central
region. Outside-in quenching might occur in particular if en-
vironmental processes such as gas stripping in the outskirts
are the dominant quenching mechanisms. A process such as
starvation may slowly affect the entire disk, causing an over-
all drop in star formation everywhere (van den Burgh 1991;
Elmegreen et al. 2002). Thus by measuring the star forma-
tion rate and gas profiles of galaxies that are transitioning to
being quenched, it may be possible to discriminate between
quenching mechanisms.
Improving surveys can now measure the rate of galaxy
growth via star formation as a function of galaxy radius, in
massive galaxies that are likely to be on their way to being
quenched. Recently Belfiore et al. (2018) used spatially re-
solved spectroscopy from the Mapping Nearby Galaxies at
APO (MaNGA) Sloan Digital Sky Survey (SDSS) (Bundy
et al. 2015) to derive star formation rates from Hα flux
and compute radial profiles of sSFR for star forming and
green valley galaxies. They find that at low stellar masses,
the star forming galaxies have flat radial sSFR profiles, but
with increasing stellar mass galaxies show more centrally
suppressed star formation. In particular, green valley galax-
ies of all masses have sSFR profiles that are suppressed at all
radii, as is expected from galaxies that are on their way to
being quenched, and also show much stronger central sup-
pression, particularly for galaxies with log(M?/ M)>∼ 10.0.
In addition, decreasing SFR at the center indicates that
the suppression is not merely due to the increasing mass of
the stellar bulge component, but is evidence for inside-out
quenching. Similar findings in the literature show that tran-
sition galaxies with high stellar mass typically have central
suppression in their sSFR profiles (Gonza´lez Delgado et al.
2016; Coenda et al. 2018; Ellison et al. 2018; Liu et al. 2018;
Sa´nchez et al. 2018; Spindler et al. 2018; Quai et al. 2019).
Moreover, the fraction of inside-out quenching increases with
stellar mass (Lin et al. 2019), suggesting that the fraction of
inside-out quenching is higher than the fraction of outside-in
quenching at a given stellar mass and environment.
At higher redshifts, star forming galaxies can already be
seen to develop central depressions in their SFR profiles as
they begin their green valley transition phase. At z ≈ 1, star
forming galaxies with high mass (10.5 < log(M?/ M) < 11.0)
show an enhancement in Hα, whereas less star forming
galaxies of the same mass show central suppression of Hα
and inferred sSFR (Nelson et al. 2016). At z ≈ 2, dust cor-
rected sSFR profiles are found to be flat for galaxies with
log(M?/ M) < 11.0, while for galaxies with log(M?/ M) >
11.0, the sSFR profiles are centrally suppressed by a factor
of ∼ 1 dex relative to the outskirts (Tacchella et al. 2018),
demonstrating that the most massive star forming galaxies
are already beginning to quench by z ∼ 2. These observations
support an inside-out quenching scenario, that is, the frac-
tional rate of new star formation is higher in the outskirts
than in the bulge region.
These observations of star formation distribution within
galaxies provide strong constraints on galaxy formation
models. Modern cosmological simulations are able to repro-
duce a variety of observational galaxy trends despite sub-
stantial differences in their prescriptions for sub-grid pro-
cesses such as AGN feedback, motivating new tests by which
to assess models. Recently Starkenburg et al. (2019) pre-
sented radial profiles of sSFR from the EAGLE (Crain et al.
2015; Schaye et al. 2015) and Illustris (Genel et al. 2014;
Vogelsberger et al. 2014) cosmological simulations, both of
which are able to quench galaxies in broad agreement with
observations. They demonstrate that while the profiles of
simulated star forming galaxies are in reasonable agreement
with observations (Belfiore et al. 2018), both simulations
produce green valley galaxies that have centrally concen-
MNRAS 000, 1–18 (2019)
Galaxy profiles and quenching 3
trated star formation at all stellar masses, in direct contrast
to observations. This suggests that galaxies in cosmologi-
cal simulations are predominantly quenching from outside-in
putatively owing to halo heating, and that current cosmolog-
ical models have difficulty reproducing the observed inside-
out quenching. This discrepancy between state-of-the-art
cosmological simulations and observations identifies sSFR
profiles as a key test for galaxy formation simulations.
In this paper, we examine the profiles of star forma-
tion rate and gas content, relative to stellar mass profiles,
within the Simba simulation (Dave´ et al. 2019). Simba pro-
duces galaxies that are in good agreement with observations
for a range of probes including stellar mass, star formation
rate, neutral and molecular gas properties, black hole prop-
erties (Thomas et al. 2019), and dust properties (Li et al.
2019). Most relevant for this work is that Simba yields a
quenched fraction as a function of stellar mass that is in
good agreement with observations (Dave´ et al. 2019), hence
it provides a useful platform to study how quenching pro-
ceeds within these simulated galaxies. Simba includes three
forms of AGN feedback, which heuristically describe radia-
tive winds, bipolar jets, and X-ray radiation pressure, hence
by running variants with these modules turned on and off, it
becomes possible to examine which aspects of AGN feedback
are responsible for quenching.
This paper is organised as follows. In §2 we present the
Simba simulations. §3 presents the size-mass relation and its
redshift evolution for simulated galaxies compared to obser-
vations. In §4 we show radial profiles for star-forming and
green valley galaxies, compare with the observed sSFR pro-
files, study the impact of different black hole feedback pre-
scriptions on the radial profiles, study the differences in ra-
dial profiles between centrals and satellites, and examine the
redshift evolution of radial profiles. Finally, in §5 we conclude
and summarize.
2 SIMULATIONS
Simba, described more fully in Dave´ et al. (2019), builds
on its predecessor Mufasa (Dave´ et al. 2016). Simba is run
using a modified version of the gravity plus hydrodynam-
ics solver Gizmo (Hopkins 2015), which uses the Gadget-3
tree-particle-mesh gravity solver (Springel 2005) and a mesh-
less finite mass solver for hydrodynamics. In this work we
use the fiducial 100 h−1 Mpc comoving volume, run from
z = 249 down to z = 0 with 10243 gas elements and 10243
dark matter particles. For examining variations in the effects
of different types of AGN feedback, we use 50h−1 Mpc co-
moving volumes with 5123 gas elements and 5123 dark mat-
ter particles. The mass resolution in both cases is 9.6×107M
for dark matter and 1.82× 107M for gas, and the minimum
comoving gravitational softening length is min = 0.5h−1kpc
which corresponds to 0.5% of the mean inter-particle spac-
ing between the dark matter particles. Cosmological initial
conditions are generated using Music (Hahn & Abel 2011)
and we assume a cosmology consistent with Planck Collabo-
ration et al. (2016): ΩM = 0.3, ΩΛ = 0.7, Ωb = 0.048, H0 = 68
km s−1 Mpch−1 σ8 = 0.82, ns = 0.97.
Star formation is modelled using an H2-based Schmidt
(1959) relation, where the H2 fraction is computed using the
sub-grid prescription of Krumholz & Gnedin (2011) based
Figure 1. Surface density of gas (ΣH i+H2 ) as a function of sur-
face density of SFR (ΣSFR) for star forming and green valley
galaxies in the 100h−1 Mpc Simba box, colour coded by their
sSFR. ΣH i+H2 and ΣSFR are computed within the half-light ra-
dius of each galaxy (see §3 for details on how sizes are computed).
Galaxies with ΣSFR < 10−4.5 Myr−1kpc−2 have been plotted at
that value for visibility. A running mean for the non-quenched
galaxies (sSFR> 10−1.8 Gyr−1) is shown as the blue dashed line,
and a running mean using only the molecular gas is shown as the
magenta dashed line. The black dashed line is the best-fit rela-
tion to local spirals from Kennicutt (1998). The black contours
are resolved galaxy observations from Bigiel et al. (2008). The
observations have been scaled to a Chabrier IMF as assumed in
Simba.
on metallicity and local column density, modified to ac-
count for variations in resolution (Dave´ et al. 2016). The
star formation rate (SFR) is thus calculated from the den-
sity of molecular gas ρH2 and the dynamical time tdyn via
SFR = ∗ρH2/tdyn, where ∗ = 0.02 (Kennicutt 1998). The
H i fraction of gas particles is computed self-consistently
within the code, accounting for self-shielding on the fly based
on the prescription in Rahmati et al. (2013), where the meta-
galactic ionizing flux strength is attenuated depending on
the gas density, assuming a spatially uniform ionising back-
ground as specified by Haardt & Madau (2012). This gives
the total shielded gas, and subtracting off the molecular hy-
drogen fraction gives the fraction of gas in H i.
Radiative cooling and photoionisation heating are im-
plemented using the Grackle-3.1 library (Smith et al.
2017). The chemical enrichment model tracks 9 metals dur-
ing the simulation, tracking enrichment from Type II su-
pernovae (SNe), Type Ia SNe and asymptotic giant branch
(AGB) stars, including locking some of the metals into dust.
Simba includes star formation-driven galactic winds as de-
coupled, two-phase, metal-enriched winds with 30% of the
wind particles ejected hot and with a mass loading factor
that scales with stellar mass, based on the FIRE (Hopkins
et al. 2014) zoom simulation scalings from Angle´s-Alca´zar
et al. (2017b).
Figure 1 shows the Kennicutt-Schmidt (K-S) relation
of SFR surface density versus H i+H2 surface density for
Simba galaxies with M? > 109.5M at z = 0. The points are
MNRAS 000, 1–18 (2019)
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colour-coded by specific sSFR. We show a running median
of this for all galaxies that have sSFR> 10−1.8 Gyr−1 as the
blue dashed line. We further show the observed Kennicutt
(1998) relation for star-forming galaxies (black dashed line),
as well as the resolved relation from Bigiel et al. (2008) as
the contours. Simba shows a reasonable agreement with the
K-S relation, albeit slightly low in amplitude; this could be
adjusted by increasing ∗. Furthermore, it is seen that lower
sSFR galaxies tend to lie below the K-S relation, which is
consistent with observed early-type galaxies having lower
star formation efficiencies (e.g. Davis et al. 2016). The ma-
genta dashed line shows a running median using only H2,
which shows a roughly linear relation between ΣSFR and
ΣH2, and highlights how the turn-down in the K-S relation
at low gas surface densities owes to an increase in the non-
starforming H i content. Overall, Simba reproduces the K-S
relation reasonably well, which shows that the relationship
between gas and SFR surface density, central to the analysis
in this paper, is adequately represented.
Simba’s main improvement on Mufasa is the addition
of black hole growth via torque-limited accretion (Hopkins
& Quataert 2011; Angle´s-Alca´zar et al. 2013, 2015) and
AGN feedback via bipolar kinetic outflows. Black holes are
seeded and grown during the simulation, and the accretion
energy drives feedback that acts to quench galaxies. For cold
gas (T < 105 K) black hole growth is implemented follow-
ing the torque limited accretion model of Angle´s-Alca´zar
et al. (2017a) which is based on Hopkins & Quataert (2011),
while for hot gas (T > 105 K) Bondi accretion (Bondi 1952)
is adopted. Unlike Bondi accretion, torque-limited accre-
tion does not require the black hole to self-regulate its own
growth (Angle´s-Alca´zar et al. 2015), which allows for a more
physical AGN feedback model.
The AGN feedback implementation in Simba is de-
signed to mimic the observed dichotomy in black hole growth
modes seen in real AGN (e.g. Heckman & Best 2014): a ‘ra-
diative’ mode at high Eddington ratios ( fEdd) characterised
by mass-loaded radiatively-driven winds, and a ‘jet’ mode at
low fEdd, characterised by high velocity jets of ∼ 104 km s−1.
Our AGN outflow model has three modes of feedback: ra-
diative, jet and X-ray. The radiative and jet modes are im-
plemented kinetically, with outflows ejected in a direction
± the angular momentum of the inner disk and with zero
opening angle. We use variable velocity and mass outflow
rate to mimic the transition between the radiative and jet
modes when fEdd < 0.2; full velocity jets are achieved when
fEdd < 0.02, and such outflows are heated to the halo virial
temperature before ejection. For the radiative mode, parti-
cles are ejected without modifying their temperature at an
outflow speed based on X-ray detected AGN in SDSS (Perna
et al. 2017). For jet mode the outflow velocity increases as
fEdd drops, capped at 7000 km s−1 above the radiative mode
speed. We also require that MBH > 107.5M to prevent small
black holes with temporarily small accretion rates from driv-
ing high-powered jets. Finally, we include X-ray heating by
black holes following the model in Choi et al. (2012), which
turns out to be quite important for our results. Our X-ray
feedback implementation works in two ways: for non-ISM
gas (nH < 0.13 cm3), we directly increase the temperature
of the gas, while for ISM gas half of the X-ray energy is used
to give the gas particles a radial outwards kick, and the rest
is added as heat. As discussed in Dave´ et al. (2019), globally
the jet mode is primarily responsible for quenching galax-
ies, while the X-ray feedback has a small but important role
in suppressing residual star formation, and radiative AGN
feedback has little impact on galaxy properties.
Galaxies are identified using a 6-D friends-of-friends
galaxy finder, using a spatial linking length of 0.0056 times
the mean inter-particle spacing (equivalent to twice the min-
imum softening length), and a velocity linking length set to
the local velocity dispersion. Black holes and H i gas are
assigned to the galaxy to which they are most gravitation-
ally bound; we take the most massive black hole particle as
the central black hole. Halos and galaxies are cross-matched
using the YT-based package Caesar1, which outputs a cat-
alog of pre-computed galaxy and halo properties. Particle
data is read using PyGadgetReader2. Simba outputs 151
snapshots from z ≈ 20 → 0; here we employ snapshots at
z ≈ 2, z ≈ 1 and z = 0.
3 SIZE-MASS RELATION
Since we will scale our profiles by galaxy half-light size, it is
important to first check whether Simba yields sizes that are
in reasonable agreement with observations. For complete-
ness, we do this at z = 0→ 2, for star-forming and quenched
systems, even though for the rest of this paper we will pri-
marily focus on z = 0 non-quenched galaxies.
Figure 2 shows half light radii for all M? > 1010M
galaxies in the 100h−1 Mpc Simba volume at z = 2, 1, 0
(left to right), colour coded by sSFR. For each galaxy, we
compute the luminosity in a particular band from the star
particles, taking into account their ages and metallicities
by interpolating the Bruzual & Charlot (2003) single stel-
lar population (SSP) models, using a Chabrier (2003) IMF.
At z = 0, we compute the half light radius in the SDSS r
band to compare with SDSS data, and for higher redshifts
we choose the V band to compare with that quoted from
k-corrected CANDELS data. The radius of each galaxy is
found by averaging the three 2D projections along the x,
y and z axes, i.e. the sizes are computed along axes with
random orientation with respect to the galaxies. We do not
consider the effect of dust attenuation on the sizes. We com-
pare to van der Wel et al. (2014) (separated into early type
and late type galaxies) and Allen et al. (2017) at z = 2, van
der Wel et al. (2014) at z = 1 and Zhang & Yang (2019)
(separated into star forming and quiescent) at z = 0. At
each redshift we show separate running medians for the star
forming and passive galaxy populations (shown in magenta
and blue), defining star forming as sSFR > 10−1.8+0.3zGyr−1
as in Dave´ et al. (2019).
At z = 0, the sizes of the star forming galaxies are in
broad agreement with the observations. The slope with M?
appears to be in good agreement, with the simulated galax-
ies being slightly smaller than the observations at all masses.
The good agreement with data for the star forming galax-
ies is an important success for Simba; there was no tuning
done to obtain this agreement. While we have not considered
1 caesar.readthedocs.io
2 http://ascl.net/1411.001
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Figure 2. Half light radius as a function of stellar mass for z = 2, 1, 0 (from left to right) for galaxies in the 100h−1 Mpc Simba box,
colour coded by their sSFR. The half light radii are computed in the V band for z = 2,1, and in the R band for z = 0. The light blue and
magenta lines are the running medians for the star forming and passive galaxies respectively. The horizontal dashed black lines show the
effective size resolution limit of the simulation below which galaxies are not well resolved. Observations are shown from van der Wel et al.
(2014) and Allen et al. (2017) at z=2, van der Wel et al. (2014) at z=1 and Zhang & Yang (2019) at z=0. The sizes of the star forming
galaxies are in broad agreement with the observations at z = 0, while at higher redshifts they are smaller than observed. Passive galaxies
have sizes in a good agreement with observations at z = 2 and 1, but are larger than their star forming counterparts at all redshifts,
which is the opposite of what is seen in observations.
dust attenuation, we expect that including dust would ob-
scure light preferentially at the centers of galaxies, making
their half light radii larger, particularly for well-organised
star forming galaxies. Therefore we expect that including
dust attenuation would bring the sizes of star forming galax-
ies into closer agreement with the observations. In contrast,
passive galaxies have sizes that are significantly larger than
the observations at M? <∼ 1011M. In fact, the passive galax-
ies are larger than the star forming galaxies at all masses,
which is the opposite of what is seen for real galaxies. This
was already noted at z = 0 in Dave´ et al. (2019), but now
looking at z = 1 and z = 2, we see that this continues to be
true at higher redshifts. This indicates that we are not re-
producing the compact nature of the stellar distribution in
passive galaxies, particularly at low masses. We have checked
that we see exactly the same effect in the simulations with-
out X-ray and/or jet feedback, which demonstrates that the
size dependence on sSFR does not owe to the AGN feedback
model.
By examining stellar surface density images of Simba
galaxies, we have noticed that our star forming galaxies
do not have the extended thin stellar disks that are com-
mon to real star forming galaxies. They typically have a
gas component that has settled into a thinner disk but a
much puffier thick disk or even spheroidal stellar distribu-
tion. Unlike stars, gas particles in the simulation are able
to dissipate energy through hydrodynamic interactions, al-
lowing them to settle into disks more easily than the stel-
lar component. Since the r or V band half-light radii of the
galaxies generally trace the stellar component, this indicates
that something is puffing out stellar orbits. One possibility
is numerical resolution, as older stars in present-day galax-
ies have undergone dozens of orbits where two-body effects
and other dynamical noise can artificially heat the orbits.
We have checked that newly-formed stars do indeed lie in
a thin disk. Conversely (or additionally), it could be that
there is some missing physics in Simba for compactifies low
mass galaxies during quenching (Tacchella et al. 2017). In
any case, we note this discrepancy as something to investi-
gate in the future with higher resolution simulations.
Looking at the higher redshifts, we see that at z = 2
the star forming galaxies are significantly smaller than the
observations, by a factor of ∼ 2− 3. The passive galaxies are
in good agreement with the observations at this redshift,
however the star forming galaxies represent the majority
of the population. By z = 1, there is a larger population
of passive galaxies which are in broad agreement with the
observations, and the star forming galaxies are still smaller
than their observational counterparts. The small sizes of the
high redshift galaxies indicate that the Simba galaxies grow
more rapidly since z = 2 than the real galaxies, suggesting
that the growth modes for Simba galaxies differ from that
in real galaxies.
Figure 3 quantifies the median size growth rate, showing
the redshift evolution of the V band half light radii for cen-
tral galaxies with M? within 5% of 5×1010M. The galaxies
are separated into star forming and passive using the same
sSFR > 10−1.8+0.3zGyr−1 cut as before. We choose this mass
range to compare to the evolution of galaxies with 5×1010M
in van der Wel et al. (2014), which are shown in the figure.
We also show the z = 0 size measurements for this mass
from SDSS Zhang & Yang (2019). By focusing on a particu-
lar mass, this plot allows us to examine the redshift depen-
dence of the galaxy sizes.
The best fits for the evolution of the median sizes in
Simba give sizes that scale as (1 + z)−1.16 for the star form-
ing galaxies, and (1+ z)−1.11 for the passive galaxies, which is
essentially a (1+ z)−1 evolution for both galaxy populations.
This is consistent with expectations for a simple disk for-
mation model (Mo et al. 1998), and that passive galaxies do
MNRAS 000, 1–18 (2019)
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Figure 3. Evolution of the V band half light radii of star form-
ing (blue) and passive (red) central galaxies at M? ∼ 5× 1010 M.
The solid lines show the running medians at each redshift and the
shaded regions enclose 50% of the data. The best fits to the evo-
lution of the median sizes are 4.6 (1+ z)−1.14 and 5.8 (1+ z)−1.09 for
star-forming and passive centrals respectively. The dashed lines
show the corresponding redshift evolution for observations of V
band galaxies sizes from van der Wel et al. (2014), separated into
late type (blue) and early type (red) galaxies. The squares at z = 0
are the corresponding R band half light radii from SDSS (Zhang
& Yang 2019), offset by ±0.01 for clarity.
not undergo any compaction when they quench out of the
star-forming sequence. However, this is inconsistent with ob-
servations showing a scaling of (1+ z)−0.75 and (1+ z)−1.48 for
star-forming and passive systems, respectively (van der Wel
et al. 2014). We note that our star-forming galaxy amplitude
appears too low when compared to van der Wel et al. (2014),
but their fitting function at z = 0 also lies noticeably above
the SDSS measurement from Zhang & Yang (2019); it is be-
yond the scope here to examine why these two observational
results disagree, albeit mildly. Finally, we note that our spa-
tial resolution is fixed in comoving coordinates, which means
that it scales as (1 + z)−1 in physical coordinates. Hence our
scalings are consistent with an evolution in the numerical
softening length, although our actual softening values are
nominally well smaller than galaxy sizes.
Other simulation projects have had varying levels of
success in reproducing the galaxy sizes. Illustris TNG is able
to reproduce the mass-size relation of both star forming and
quenched galaxies at z = 0 (Genel et al. 2018), showing good
agreement with SDSS (Shen et al. 2003; Bernardi et al. 2014)
and van der Wel et al. (2014) extrapolated to z = 0. They
are able to do this in part because they tune their simula-
tion to match the z = 0 mass-size relation. However, the suc-
cess of having quenched galaxies smaller than star-forming is
something Simba fails, potentially in part because TNG has
≈ 20× better mass resolution than Simba. Likewise, EAGLE
(Crain et al. 2015; Schaye et al. 2015) has demonstrated that
they match the low redshift Shen et al. (2003) SDSS mea-
surements of star-forming galaxy sizes, though once again
they tune their simulation to do so. They are also able to
get quenched galaxies smaller than star-forming, with a mass
resolution ≈ 10× better than Simba’s. Horizon-AGN (Dubois
et al. 2014) has shown that their disk-dominated galaxy sizes
are in agreement with van der Wel et al. (2014) at z = 0.25 to
within a factor of ∼ 2, but similar to Simba their elliptical
galaxies are less compact than their disk galaxies (Dubois
et al. 2016). They attribute this discrepancy to their limited
spatial resolution, which is comparable to the resolution in
Simba.
In summary, Simba produces low-z star forming galaxy
half-light sizes in good agreement with observations. These
constitute the galaxies we are most concerned with for the
profiles in this work. However, it predicts overly rapid evolu-
tion in the star-forming galaxy sizes to z = 2, and it predicts
that quenched galaxies have larger sizes than star-forming
systems which is opposite to what is observed. For the rest
of this paper, we will investigate the radial profiles of star-
forming or green valley galaxies in various physical quanti-
ties, scaled by the half-light radii, primarily at z = 0. We will
not consider galaxies that are fully quenched. Hence while
it is a notable discrepancy that Simba does not reproduce
the sizes of today’s quenched galaxies and early star-forming
galaxies, this is not critical for the results in the remainder
of this work.
4 RADIAL PROFILES
4.1 Galaxy selection
We now examine galaxy radial profiles in Simba, focusing
mainly on star-forming and green valley systems at z = 0,
though we will look at redshift evolution in §4.6. We will fo-
cus on massive galaxies with M? ≥ 1010 M, corresponding
to >∼ 550 star particles, in order to ensure we can get suf-
ficient resolution for robust profile measurements, and also
because this is where observations for comparison are most
abundant and secure. We separate star-forming and green
valley galaxies via a cut in SFR(M?), described below. We
will not consider quenched galaxies further.
Figure 4 illustrates the way we select our simulated
galaxy sample for this work. This shows the star-forming
main sequence, M? vs. SFR, for all galaxies with M? >
109 M in the 100h−1 Mpc Simba box at z = 0. Points
are colour coded by their H i mass to stellar mass ratio, fHI.
Vertical dotted lines denote the low, intermediate, and high
mass bins that will be used for this work; all galaxies above
M? > 1011 M are grouped into the high mass bin. We will
not consider galaxies with M? < 1010 M further. The ma-
genta lines demarcate the green valley, as we discuss below.
This figure shows the usual structure of the main se-
quence. There is a blue cloud of star-forming galaxies ex-
tending towards low masses. As M? increases there are more
quenched galaxies with low SFR, primarily as a result of
AGN jet feedback (Dave´ et al. 2019), resulting in the de-
velopment of a red sequence. As galaxies quench from the
star-forming (SF) blue cloud to the red sequence, they move
across M?–SFR space in a transitional green valley (GV)
region. There are occasional rejuvenations in the other di-
rection, but they are quite rare in Simba, and additionally
galaxies do not tend to loiter in the GV. It turns out the
timescales to quench are bimodal, with slow quenching times
of 0.1×tHubble and fast quenching times of 0.01×tHubble (see
Rodr´ıguez Montero et al. 2019, for a full analysis of quench-
ing times and rejuvenations in Simba). Thus in Simba the
vast majority of GV galaxies are on their way to being
quenched eventually.
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Figure 4. Star formation rate–stellar mass relation for all galax-
ies in the Simba 100 h−1Mpc box at z = 0, colour coded by their
H i mass to stellar mass ratio, fH i. The magenta dashed lines
show the selection of the green valley galaxies from Belfiore et al.
(2018), with the upper and lower lines corresponding to their
SFMS and SFMS minus 1 dex, respectively. The black dotted
lines show the three considered stellar mass bins labelled low
(1010 < M? < 1010.5M), intermediate (1010.5 < M? < 1011M)
and high mass (M? > 1011M).
To demarcate the green valley, we follow the definition
of Belfiore et al. (2018). Their SFMS is given by:
log(SFR/ M yr−1) = 0.73 log(M?/ M) − 7.33, (1)
with a scatter of 0.39 dex. The upper magenta dashed line in
Figure 4 is the lower boundary of their star forming galax-
ies which corresponds to 1σ below the SFMS. They define
green valley galaxies as those with with SFR down to 1 dex
below this, which is indicated by the lower magenta line.
These demarcations have a sub-unity slope, so they do not
directly correspond to fixed cuts in sSFR, but for our mass
range, star-forming galaxies defined this way typically have
sSFR>∼ 10−10.5yr−1.
With this selection, in Simba at z = 0 we obtain 1767
star-forming galaxies in the low-mass bin (1010 M < M? <
1010.5 M), 603 in the intermediate-mass bin (1010.5 M <
M? < 1011 M), and 105 in the high-mass bin (M? >
1011 M). For green valley galaxies, these mass bins contain
1465, 373, and 53 galaxies, respectively. Table 1 shows me-
dian values for various galaxy properties in our star-forming
and green valley samples.
4.2 Star-forming vs green valley profiles
We now examine the profiles in various physical quantities of
the star-forming and green valley samples defined as above.
To generate profiles, we first rotate each galaxy such that it
is face on, aligned with the angular momentum vector of all
its cold gas and stars. We compute individual SFR and M?
surface density radial profiles from the gas and star particles,
and use these to compute an sSFR profile for each galaxy:
sSFR(R) = ΣSFR(R)
ΣM?(R)
, (2)
where the Σ represents the surface density within an annu-
lus centered at radius R in the subscripted quantity. Where
radial bins contain no gas, we take the SFR to be zero.
Changes in sSFR can be due to a change in molecular gas
fraction ( fH2) or the star formation efficiency (SFE):
sSFR =
SFR
MH2
MH2
M?
= SFE × fH2 . (3)
To isolate which of these is responsible for any trends in
sSFR, we decompose our sSFR profiles into profiles of fH2
and SFE. These profiles are computed from the profiles of
SFR, M? and H2 surface density:
SFE(R) = ΣSFR(R)
ΣH2(R)
, fH2 (R) =
ΣH2(R)
ΣM?(R)
. (4)
We center profiles on the position of the galaxy’s central
black hole (which in Simba is tied to the location of the
lowest potential), or in rare cases where there is no black
hole then we choose the center of mass of the star parti-
cles; our results are essentially unchanged if we always just
use the center of mass. All profiles are normalised to the
half light radius Rhalf , that we compute as in §3 using the
unextincted SDSS r band light at z = 0 for comparison to
low-z SDSS data, and the unextincted rest-frame V band for
higher redshift comparisons, in order to mimic the band typ-
ically quoted from observations. Our results are not sensitive
to this choice within rest-frame optical bands. Note that if
the centre of a galaxy was preferentially extincted (which is
typically the case), then assuming no extinction would tend
to underestimate the half-light radius.
Figure 5 shows radial surface density profiles scaled by
Rhalf for SFR, sSFR, H i, H2, SFE and fH2, separated into
the mass bins shown in Figure 4. The blue→green lines show
the star forming galaxies; the purple→orange lines show the
green valley galaxies. In each mass bin, the overall profile
is the Tukey biweight of the individual profiles. The Tukey
biweight is a robust estimator for the mean that ignores out-
lying points (see e.g. Belfiore et al. 2018; Starkenburg et al.
2019). It is qualitatively similar to a median and also gives
a robust estimation of the sample standard deviation (re-
ferred to as the biweight scale estimator). We also compute
the error coming from cosmic variance via jackknife resam-
pling over the 8 simulation sub-octants. We add this error in
quadrature with the Tukey biweight scale estimator divided
by
√
N (where N is the number of galaxies in the mass bin),
to obtain the shaded region around each line.
These profiles illustrate the stark structural differences
between SF and GV galaxies in their star formation and gas
profiles. Overall, the GV galaxies have lower star formation
and cold gas content at almost every radius compared to
their SF counterpart at same mass. This is not unexpected,
since these galaxies are on their way to being quenched, and
thus will end up with very low SF and cold gas contents. For
both SF and GV galaxies, the total star formation rate in-
creases with stellar mass for both galaxy types, as quantified
in Table 1. The SFR profiles show that star formation activ-
ity drops at a similar rate for all masses beyond R >∼ 0.5Rhalf ,
but within this radius the profiles are mass-dependent. For
the SF galaxies, the highest mass galaxies show the strongest
reduction of SFR in their centers, whereas for GV galaxies
SFR drops towards zero in the center for all mass bins sim-
ilarly. The star forming galaxies show more extended star
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Figure 5. Radial profiles of SFR, sSFR, H i, H2, SFE and fH2 as a function of stellar mass. The green/blue lines show the star forming
(SF) galaxy profiles, and the orange/purple lines show the green valley (GV) galaxy profiles, in low, intermediate, and high mass bins as
indicated. The displayed radial profiles are Tukey biweights of the individual galaxy profiles in each mass bin. The light shaded regions
around each line show the Tukey biweight scale estimator divided by
√
N , combined with cosmic variance uncertainties from jackknife
resampling over the 8 simulation sub-octants. Overall, GV galaxies show substantially different profiles than SF galaxies, with globally
lower star formation and gas content, with the star formation confined to within Rhalf as opposed to out to several half-light radii, and
with a strong central dip in the SFR and sSFR profiles. This points towards two distinct mechanisms: inside-out quenching causing the
suppression of star-forming gas in the central regions, and outside-in quenching suppressing the star formation efficiency in the outskirts.
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Table 1. Median global galaxy properties of the three mass bins for star forming and green valley galaxies.
Median Star forming Green valley
Low Int High Low Int High
log(M?/M) 10.2 10.7 11.1 10.2 10.7 11.1
SFR (Myr−1) 1.56 3.64 6.18 0.14 0.39 1.03
log (sSFR / yr−1) -9.98 -10.16 -10.36 -11.04 -11.12 -11.14
log(MH i/M) 9.8 9.9 9.9 9.1 9.3 9.4
log(MH2/M) 9.7 10.1 10.3 9.1 9.4 9.6
Rhalf (kpc) 3.4 4.7 5.5 4.0 4.8 5.7
formation, dropping to near zero SFR around 3Rhalf , as op-
posed to 1.25Rhalf for the green valley galaxies.
The sSFR profiles (upper right panel) show the same
trend as the SFR; in general the galaxies have undergone
quenching at both their centers and their outskirts, with a
band of star formation occurring between ∼ 0.25 − 1Rhalf for
the GV galaxies and between ∼ 0.5−2.5Rhalf for the SF galax-
ies. A decrease in sSFR may be due to either an increase in
stellar mass or a decrease in SFR (Spindler et al. 2018); the
suppression of the SFR shows that the sSFR suppression is
not simply due to the large stellar mass of the central galac-
tic bulge. There is also a mass dependence – a higher stellar
mass translates to a lower overall level of sSFR, as expected
from the sub-linear slope of the star-forming main sequence.
The highest mass galaxies generally have the largest black
holes and the most powerful AGN feedback, so they are ex-
pected to be in the process of quenching. Indeed, high-mass
SF galaxies also show some sSFR (and SFR) suppression in
the center, indicating that these galaxies are likely affected
by the same mechanism(s) as the GV galaxies. This sug-
gests that massive SF galaxies are in the early stages of the
quenching process that has more substantially affected the
GV galaxies, which is consistent with the idea of slow tran-
sition to the red sequence in massive SF galaxies inferred
from observations (Schawinski et al. 2014).
The middle panels of Figure 5 show the cold gas (H i and
H2) mass density profiles. For star-forming galaxies, similar
to the ΣSFR profiles, the ΣHI profiles show that H i and H2
surface densities decrease with increasing radial distance,
but are suppressed in the centre of the galaxy. There is only
a weak dependence on mass, as the H i profile is fairly uni-
versal with the only difference being a somewhat more rapid
drop in the outskirts in more massive galaxies, and the H2
profile being mildly lower for the lowest mass galaxies. Ob-
servationally, it has been noted that SF galaxies exhibit a
near-universal cold gas surface density profile when scaled
by size (Bigiel & Blitz 2012), which is qualitatively consis-
tent with what we find. Essentially, the increase in overall
galaxy size yielding a larger gas content is offset by the de-
crease in cold gas content in more massive galaxies, resulting
in profiles that are broadly independent of mass.
Comparing the SF galaxies to the GV galaxies shows
marked differences. In H i, the gas content has dropped
sharply in the outskirts relative to SF galaxies. This could
owe to starvation not replenishing cold gas in the outskirts
as it moves inwards to form stars, evaporation by a growing
hot halo that is more prevalent around GV galaxies than
SF systems at the same mass, and/or environmental pro-
cesses where interactions with nearby satellite galaxies have
dynamically heated the cold gas. We will examine satellite
vs. central profiles in §4.5.
For H2, the situation is more curious. In SF galaxies, the
H2 surface density peaks at a higher value, shows a greater
drop in the middle, and drops off more quickly in the out-
skirts than the H i. All these trends are consistent with a
higher H2 fraction in denser gas, with the exception of the
central dip; in this case, it could be that extraplanar gas in
the foreground of our face-on galaxies is predominantly in
H i form, and so fills in the central region in projection.
For the GV galaxies, there is a drop in the H2 content in
the inner parts relative to SF galaxies, but in the outskirts,
the H2 profile is actually shallower in the outskirts, partic-
ularly for more massive galaxies. Yet despite the H2 having
quite an extended profile, the SFR surface density remains
well confined to the central region. In other words, there is
still substantial H2 in the outskirts of GV galaxies, but it is
not forming stars. This could owe to the fact that the phys-
ical densities are substantially lower in the outskirts, and
since in our simulations SFR∝ ρ1.5, this can cause a strong
drop in SFR even if the projected ΣH2 remains high. In-
terestingly, if one postulates a threshold H2 surface density
of log ΣH2 = 1.1 in order to have sufficient physical density
for star formation (dotted horizontal line), then this would
truncate star formation at ∼ 3Rhalf in SF galaxies and ∼ Rhalf
in GV galaxies, which is essentially what is seen in the ΣSFR
plot in the upper right. Such a surface density threshold is
approximately coincident with the turn-down in ΣSFR seen
in the K-S at low gas surface densities (Fig. 1).
The bottom two panels of Figure 5 quantify the con-
nection between star formation and dense gas more clearly.
Since sSFR=SFE× fH2, we can subdivide the sSFR profile
into profiles for SFE (left) and fH2 (right) to better under-
stand why GV galaxies have suppressed star formation. In
essence, the plot in the upper right is convolution of the two
bottom plots.
It is clear that the H2 fractions (bottom right), while
lower for GV galaxies, have a similar radial trend between
the SF and GV galaxies: the gas fraction is relatively flat
except in the central region where it drops. Meanwhile, the
SFE shows a rapid decline with radius, and no central drop.
We thus see that the there are two separate effects which
conspire to take the sSFR profiles from SF to GV: In the
outer regions, the sSFR is suppressed owing to a rapid SFE
decline in the outskirts; this is primarily governed by the
physical density of the star-forming gas. In contrast, in the
innermost region the H2 fraction drops quickly, and hence
the central hole in sSFR in GV and massive SF galaxies
primarily owes to molecular gas being removed either by
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heating or expulsion. Gas in the center is forming stars at a
similar efficiency as gas at the peak in the SFR profile, but
there is simply much less of it.
In summary, GV galaxies show substantially different
profiles than SF galaxies, with overall lower star formation
and gas content, and the star formation being confined to
within Rhalf as opposed to out to several half-light radii.
There is a strong central dip in the SFR as well as sSFR
profiles, which occurs in all GV galaxies along with mas-
sive SF galaxies. The SFR drop in GV systems thus appears
to be driven by two different effects in the inner and outer
regions. In the central region, the amount of star-forming
gas is suppressed, while in the outskirts, molecular gas is
still present but has a suppressed efficiency of forming into
stars. Thus it appears that quenching in Simba galaxies oc-
curs both inside-out and outside-in, and may indicate two
distinct physical mechanisms. We will examine which AGN
feedback mechanisms are responsible for these effects in §4.4.
Next we conduct a more careful comparison to observations
of SF vs. GV galaxy profiles.
4.3 Comparison to observations
The specific SFR profiles of star-forming versus green valley
galaxies has been measured in the SDSS MaNGA Survey
by Belfiore et al. (2018). They showed that the sSFR pro-
files of GV galaxies tend to be strongly suppressed in the
centres relative to SF galaxies. Starkenburg et al. (2019) ex-
amined these trends in the Illustris and EAGLE simulations,
and surprisingly found that despite these models quenching
galaxies globally as observed, the sSFR profiles of similarly-
selected GV galaxies did not show any strong central sup-
pression in either simulation, but rather a centrally concen-
trated sSFR profile that was qualitatively similar to that in
SF galaxies. They thus highlighted this comparison as a key
test of how galaxies quench radially in models, one that some
state of the art simulations fail to satisfy. In this section we
undertake this comparison in Simba.
Figure 6 shows the comparison of sSFR profiles for SF
galaxies (left panel) and GV galaxies (right panel) in Simba,
with increasing M? bins shown in green to blue, versus pro-
file in the same M? bins from Belfiore et al. (2018, orange
to purple). All profiles are scaled to the r-band half-light
radius Rhalf , and are computed over all profiles in each mass
bin using the Tukey biweight estimator as done in Belfiore
et al. (2018). These Simba profiles are exactly as plotted
in Figure 5, but here we zoom in on the central region
(R/Rhalf < 2), split SF and GV into separate panels, and
show observations overlaid.
For the SF galaxies (left panel), Simba predicts sSFR
profiles that are qualitatively consistent with observations.
From the centre outwards, the profiles show a rise in the
central region, and then a mostly flat profile in the out-
skirts. The rise is faster in higher mass galaxies, indicating
greater suppression of central SFR in these systems. How-
ever, there are some clear discrepancies versus data, partic-
ularly for higher-mass SF galaxies. First, the sSFR values
peak at smaller radii in Simba (Rpeak ∼ 0.5Rhalf) versus ob-
servations (Rpeak ∼ 1− 1.5Rhalf). A more blatant discrepancy
is seen in the inner region, where the drop seen in the obser-
vations is not nearly as abrupt as that predicted in Simba
for M? > 1010.5 M galaxies. Hence the agreement between
Simba and the MaNGA data is reasonable for lower-mass
SF galaxies, but the inside-out quenching already occurring
in massive star-forming galaxies appears to be too severe.
For the GV galaxies (right panel), it is clear that Simba
produces a drop in the central sSFR. This is in good agree-
ment with the Belfiore et al. (2018) data, at least better
than other current simulations (Starkenburg et al. 2019).
The sSFR starts at similar values at its peak in Simba and
in the data (sSFR≈ 10−11yr−1), and drops by an order of
magnitude or more towards the middle. The main difference
is that the decline is more gradual in the data, starting at
around ∼ Rhalf , while in the simulations it begins dropping
inside ∼ 0.5Rhalf . We will discuss this further in §4.4.
Now examining the outer parts of the sSFR profile
(R/Rhalf >∼ 1), we see that the sSFR in GV galaxies is also
suppressed relative to SF galaxies in Simba at all masses in
the outskirts. This is clearly in conflict with the data. Inter-
estingly, EAGLE and Illustris likewise produce sSFR profiles
that drop rapidly more quickly than observed in GV galax-
ies, so while Simba yields a central hole in sSFR in better
agreement with data than those simulations, in the outskirts
Simba is similar to other simulations.
We note that the Belfiore et al. (2018) analysis com-
putes radial profiles in elliptical apertures to account for
inclination, which we have approximated by first making all
our galaxies face-on before calculating profiles. These meth-
ods should be identical in the case of a perfectly thin disk,
but in our simulations, the stellar disks are not particularly
thin. A similar procedure would likely blur out the central
region, and thus potentially mitigate the differences with
the SF population. We demonstrate how large an effect this
may have by showing non-rotated profiles for the highest
mass bin in Figure 6 – the rotated and non-rotated profiles
show almost no difference beyond 0.5Rhalf , but in the central
region the rotated profiles have much lower sSFR. We see
that de-projecting the profiles emphasises the central sup-
pression in star formation.
Also, it is worth noting that the Belfiore et al. (2018)
data explicitly removes galaxies with Seyfert-like line ratios.
Seyferts are typically large star-forming disks with strong
AGN activity. We are not currently able to identify Seyferts
via line ratios in our simulation, so we have not mimicked
this selection. It may be possible that such galaxies would
have SFR profiles that drop rapidly in the middle owing to
the putative nuclear AGN feedback, which would make the
profiles of SF galaxies drop more quickly in the centers. Un-
fortunately, it is difficult to measure inner SFRs in Seyferts
owing to AGN contamination, which is precisely why these
were excluded in observations. Seyferts make up a relatively
small fraction (∼ 10%) of the overall disk population, but
may contribute more to the most massive bins. Hence this
may explain part of the massive SF galaxy discrepancy.
Recall that Simba has two separate effects going on to
suppress star formation in GV galaxies (§4): In the inner
parts, this owes to removal of star-forming gas which lowers
the gas fraction, while in the outer parts it owes to a lower
star-forming efficiency. It appears that the physics driving
the inner suppression is roughly consistent with observations
for GV galaxies, but that driving the outer suppression via
a drop in the SFE is not. It also appears that the onset
of the inside-out quenching occurs in massive star-forming
galaxies in Simba is quite strong, whereas such galaxies in
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Figure 6. The sSFR radial profiles for all star forming (left) and green valley (right) galaxies for the full Simba run, with increasing
M? bins shown in green to blue. The solid lines show the profiles in the frame rotated such that the galaxies are face-on, the dashed
line for the highest mass bin shows the non-rotated profiles (i.e. the randomly orientated case). Observations of sSFR profiles of star
forming galaxies from MaNGA SDSS (Belfiore et al. 2018) are shown as the pink/purple lines. As before, the displayed radial profiles
are Tukey biweights of the individual galaxy profiles in each mass bin. The light shaded regions correspond to the Tukey biweight scale
estimator divided by
√
N , combined with cosmic variance uncertainties from jackknife resampling over the 8 simulation sub-octants.
Star forming galaxies show a reasonable good agreement with the MaNGA data at low mass, but the inside-out quenching occurring in
massive star-forming galaxies appears to be too strong. For the green valley galaxies, Simba reproduces a drop in sSFR in the central
regions seen in the data, however in the outskirts the sSFR is also suppressed, in conflict with the data.
observations show only a mild central suppression. Hence
while reproducing the central sSFR drop in GV galaxies is
a qualitative success of Simba, there remain substantial dis-
crepancies in galaxy sSFR profiles. To explore the physical
drivers of these various effects, we now examine which feed-
back mechanisms are responsible for these trends.
4.4 Black hole feedback dependence
In Simba, AGN feedback is primarily responsible for quench-
ing galaxies. Of the three forms of AGN feedback imple-
mented in Simba, the jet mode feedback is most directly
responsible for quenching, the X-ray feedback by itself does
not quench but is nonetheless important for fully quench-
ing galaxies, and the radiative mode feedback is essentially
irrelevant for quenching (Dave´ et al. 2019). The question
is then, how do these various AGN feedback forms impact
the profiles of quenching galaxies? To answer this, here we
compare our profiles in a full-physics Simba run versus two
other runs: No-jet, where we turn off both X-rays and jets,
and No-X, where we turn off only the X-ray feedback but
leave jets on. These are done using 50h−1Mpc, 2×5123 parti-
cle runs, but the numerical resolution and input physics are
otherwise identical to the full Simba run.
Figure 7 shows the sSFR profiles for galaxies in the
No-jet Simba run (i.e. without X-ray or jet mode feed-
back) shown in purple to orange. As in Figure 6, the left
panel shows the SF galaxies, while the right panel shows the
GV galaxies. We reproduce the results from the full Simba
simulation for comparison (in blue to green), but leave off
the Belfiore et al. (2018) observations to avoid confusion.
Note that in the No-jet simulation, massive galaxies do not
quench, but typically end up as star-forming or green valley
galaxies (Dave´ et al. 2019).
The outer SF galaxy profiles are not markedly differ-
ent over most radii with jet and X-ray feedback off versus
in the full Simba model. The sSFR values are only mildly
higher in the No-jet case at all radii beyond >∼ 0.5Rhalf . The
profiles are also nearly identical for SF galaxies regardless of
M∗, whereas the full Simba model yields a stronger mass de-
pendence, in better agreement with the observations.. The
most notable difference occurs in the central region of more
massive SF galaxies, where the No-jet run produces no sSFR
dip in the central region. Hence we infer that this dip is a
direct result of either jet or X-ray feedback. Although we do
not show the observations from Belfiore et al. (2018) over-
laid, the core sSFR is higher in the No-jet run compared
to observations, particularly for the more massive galaxies.
Hence the Belfiore et al. (2018) data seems to require some
suppression of core SF in massive galaxies, but not as much
as in the full Simba run. Outside the central region, the pro-
files are in good agreement with data. This shows that AGN
feedback has a modest but non-trivial impact on even star-
forming galaxies, and at least some AGN feedback is already
required to produce a central sSFR depression in massive SF
systems.
Turning to the GV galaxies (right panel), the differ-
ences are much more striking. The No-jet sSFR profiles show
strongly centrally concentrated star formation, with more
compact extent (relative to Rhalf) for more massive systems.
Also, the GV profiles are quite a bit steeper than the SF
galaxy profiles. This shows that the reason these galaxies
are in the GV is that star formation has been eroded in the
outskirts, likely because these galaxies live in shock-heated
hot halos (Keresˇ et al. 2005) that is starving these systems
of fresh gas. In other words, without significant AGN feed-
back, suppression of star formation occurs outside-in. This
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Figure 7. The sSFR radial profiles for all star forming (left) and green valley (right) galaxies for the Simba without X-ray or jet
feedback (pink/purple lines) and the full Simba (blue/green lines) 50h−1Mpc runs. The displayed radial profiles are Tukey biweights of
the individual galaxy profiles in each mass bin. The light shaded regions around each line show the Tukey biweight scale estimator
divided by
√
N , combined with cosmic variance uncertainties from jackknife resampling over the 8 simulation sub-octants. The most
notable difference in the sSFR profiles of SF galaxies occurs in the central region of more massive SF galaxies, where the No-jet run
produces no dip, suggesting that it is a direct result of either jet or X-ray feedback. The differences for the GV galaxies are much more
striking, showing a strongly centrally concentrated star formation, with the dropoff in the sSFR profile being stronger than in the full
feedback case. Hence AGN feedback seems crucial for redistributing the star formation in GV galaxies at all radii.
Figure 8. The sSFR radial profiles for all star forming (left) and green valley (right) galaxies for the Simba without X-ray feedback
(pink/purple lines) and the full Simba (blue/green lines) 50h−1Mpc runs. The displayed radial profiles are Tukey biweights of the individual
galaxy profiles in each mass bin. The light shaded regions around each line show the Tukey biweight scale estimator divided by
√
N ,
combined with cosmic variance uncertainties from jackknife resampling over the 8 simulation sub-octants. Turning on jets and leaving
the X-rays off leads to even more centrally concentrated sSFR profiles that are suppressed in the outskirts for both SF and GV galaxies
compared to the full Simba and No-jet runs. Jet feedback appears to have the overall effect of slightly suppressing star formation in
the outskirts, causing that gas to move inwards in order to form stars in a more centrally concentrated manner. Hence jet feedback as
implemented in Simba is not responsible for the central sSFR suppression observed by Belfiore et al. (2018).
is exactly opposite to the way that GV galaxies are observed
to be quenching, from the inside-out.
Interestingly, the No-jet GV profiles show an even
stronger dropoff in the sSFR than in the full feedback case;
thus if anything, AGN feedback appears to be puffing out the
star forming gas relative to the stellar mass (or r-band light).
Hence it is not possible to solve the discrepancy between
Simba and the Belfiore et al. (2018) data in the outskirts
by simply saying that AGN should have no effect there. In-
deed, AGN appear crucial at all radii for redistributing the
star formation in GV galaxies in a manner consistent with
observations, for all galaxy masses probed here.
Given that the combination of jet and X-ray feedback
appears to be crucial for altering the GV sSFR profiles to be
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in better qualitative agreement with data, it is interesting
to ask which of these two modes is most responsible. To
examine this, we now examine No-X where we turn on the
jet feedback, but leave the X-ray feedback off.
Figure 8 shows the resulting profiles from the No-X run,
analogous to Figure 7. The No-X run does produce some
quenched galaxies, but generally they do not have as low
sSFR as observed. Hence a histogram of sSFR’s from this
model does not agree with observations as it does for the
full Simba run (Dave´ et al. 2019).
Remarkably, turning on jets and leaving the X-rays off
actually leads to even more concentrated sSFR profiles. Now,
even the SF galaxy profiles are clearly wrong – they are cen-
trally peaked, and are suppressed in the outskirts, relative to
the full Simba and No-jet runs. It appears that jet feedback
has the overall effect of slightly suppressing star formation
in the outskirts, causing that gas to move inwards in order
to form stars in a more centrally concentrated fashion. Re-
call that in Simba our jets are purely bipolar, and explicitly
do not interact with surrounding gas until they are outside
the ISM. Hence it is not surprising that they do not sup-
press the central SF, but it is curious that they indirectly
cause an enhancement, at least relative to the stellar mass
distribution.
Moving to the GV galaxies (right panel), the central
concentration of sSFR is now even more apparent than in
the No-jet case. In GV galaxies, the jet feedback is strongly
suppressing the star formation in the outer regions leading
to much steeper profiles relative to Simba, but the innermost
sSFR is essentially unchanged from the SF galaxies in the
left panel. Clearly, jet feedback as implemented in Simba is
not responsible for the central sSFR hole that is observed
by Belfiore et al. (2018).
It is only when we turn on X-ray feedback as in the full
Simba run that we produce central suppression in the GV
(as well as massive SF) population. We conclude therefore
that it is Simba’s X-ray feedback that is responsible for cre-
ating the central depression in sSFR as observed by Belfiore
et al. (2018) and others.
How does X-ray feedback as implemented in Simba
cause inside-out quenching? Our implementation of X-ray
feedback represents a sub-resolution model for momentum
input from the X-ray photons generated in the accretion
disk. In it, a kick is applied outwards from the black hole
onto gas within the black hole accretion kernel, based on
the X-ray radiative momentum input coupling to hydrogen
gas as outlined in Choi et al. (2012). Since the momentum
input drops as 1/r2 from the black hole, the gas closest to
the black hole is most strongly kicked, which creates a hole
in the cold gas and hence in the star formation.
Importantly, Simba implements a 2 kpc maximum ra-
dius for the black hole accretion kernel (or 256 nearest neigh-
bours, whichever is smaller), and thus for the extent of di-
rect X-ray feedback kicks. In principle there is no reason
why X-ray photon pressure should be limited to this radius;
this was done purely for computational convenience. Since
there was already a neighboring particle list identified for
the black hole accretion module out to (up to) 2 kpc, it
was most straightforward to implement a kick on these pre-
identified particles. The inadvertent result of this is that
X-ray feedback is only immediately felt out to <∼ 2 kpc. This
may explain why our full Simba profiles rise quickly out to
a maximum at a 2 − 3 kpc (∼ 0.5Rhalf); had we allowed our
X-ray feedback to operate to larger radii, it is possible we
would have generated a more gradual rise in sSFR out to
larger radii, which would qualitatively be in better agree-
ment with the observed profiles of Belfiore et al. (2018).
The X-ray feedback does not, however, fix the too-rapid
dropoff in sSFR at R >∼ Rhalf in GV galaxies, seen at all masses
and even with AGN feedback mostly off. This remains some-
thing of an enigma. This rapid dropoff also appears in GV
galaxy profiles in EAGLE and Illustris (Starkenburg et al.
2019), hence it seems to be a fairly generic outcome of cur-
rent galaxy formation models: galaxies that have depressed
overall star formation tend to have it particularly depressed
in their outskirts, in clear disagreement with observations.
One commonality between all these simulations is that their
subgrid AGN feedback models quench galaxies primarily by
keeping the surrounding circum-galactic gas hot (e.g. Davies
et al. 2019), albeit via differing mechanisms. This is long
known to be a successful approach to quenching (Croton
et al. 2006; Bower et al. 2006; Gabor & Dave´ 2015; Dave´
et al. 2016). It is possible, however, that such preventive
feedback preferentially suppresses star formation in the out-
skirts of galaxies by shutting off the accretion that would
otherwise replenish an extended cold gas reservoir. This ap-
pears to be in contradiction with observations. One perhaps
relevant point in Simba is that there is significant molecu-
lar gas in the outskirts, but it has low star formation effi-
ciency (Fig. 5, bottom panels). Adjusting the star formation
prescription to have that gas continue to form stars would
yield better agreement for sSFR profiles in the outskirts.
We leave such explorations for future work. In any case, it
appears to be a significant challenge for models to quench
galaxies as observed globally, while retaining active star for-
mation out to several half-light radii in transitional green
valley galaxies.
To summarise, Simba shows low-mass star-forming
galaxy sSFR profiles and green valley sSFR central depres-
sions that are broadly in agreement with observations. The
central depressions owe specifically to X-ray feedback as im-
plemented in Simba, which imparts outwards momentum to
the gas surrounding the black hole. Other simulations such
as EAGLE and Illustris, which do not have such a mech-
anism, fail to match this. It is possible that Illustris-TNG
may fare better, because although they do not implement
X-ray feedback as in Simba, they tend to sphericalise the
jet energy input by randomly re-orienting the jet at every
timestep, and they do not shut off hydrodynamic interac-
tions between the jet and the ISM as in Simba (Weinberger
et al. 2018). This could result in a qualitatively similar out-
ward momentum injection. One could envision that simply
heating the ISM near the black hole might also be suffi-
cient to create an sSFR hole, but this is essentially how
the EAGLE AGN feedback model operates, and it does not
succeed. More generally, our results imply that current ob-
servations require some mechanism that evacuates gas from
the central regions of galaxies during the quenching process,
in a manner that operates approximately like Simba’s X-ray
feedback module. This inside-out quenching, along with the
unresolved discrepancies in the outskirts of GV sSFR pro-
files, represent key constraints on quenching prescriptions in
current galaxy formation models.
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4.5 Satellites vs. centrals
So far, we have not distinguished centrals versus satellites,
and simply considered all galaxies within our specified cuts.
However, satellites can experience environmental quenching
processes that could in principle impact their profiles dif-
ferently than internal processes such as AGN feedback. For
instance, ram pressure and tidal stripping might remove gas
preferentially from the outskirts, which would result in more
compressed H i profiles as seen in GV galaxies, but for rea-
sons that do not involve AGN feedback. Alternatively, they
could be starved of gas infall owing to living within a hot
halo, and thus have their SFR suppressed. Spindler et al.
(2018) examined satellite vs. central profiles in MaNGA
and found that satellites have overall lower sSFR at most
radii vs mass-matched centrals, but that the suppression in
the central region is similar. They interpret this to suggest
that satellites have lower sSFR overall owing to strangu-
lation that cuts off their broader gas supply, but that the
core sSFR suppression is a separate internal process. Here
we examine the profiles of satellite versus central galaxies
in Simba to better understand how they are impacted by
satellite-specific processes.
Figure 9 shows radial profiles of ΣsSFR and ΣH i for
galaxies separated into satellites and centrals (top row), and
the logarithmic difference of the radial profiles (bottom row).
Central galaxies are identified as the most baryonically mas-
sive galaxies in their halos, and satellites are all others. We
bin galaxies into two bins following Spindler et al. (2018),
namely 10 ≤ log(M?/ M) ≤ 10.6 (turquoise, 1591 centrals
and 349 satellites) and log(M?/ M) > 10.6 (blue, 349 cen-
trals and 74 satellites). They also have a bin to lower masses
but we eschew this owing to numerical resolution concerns.
The Spindler et al. (2018) data in those bins is shown in
orange and purple, respectively.
Qualitatively, Simba reproduces the trends seen in the
observations. Beyond the core, satellites in Simba have lower
sSFR than centrals, which is consistent with the data. The
magnitude of the difference in the outer regions is similar
to what is observed. Meanwhile, for R <∼ 0.5Rhalf , the trend
reverses. This is broadly seen in the observations as well,
though the trend does not fully reverse for the low-mass bin.
This qualitative agreement suggests that Simba accounts for
both internal and external quenching processes in satellites
to yield rough agreement with observations.
Quantitatively, there are some significant differences.
The bottom left panel shows that in Simba, centrals have a
significantly larger sSFR suppression than satellites at the
same mass, whereas the effect is relatively weak in the ob-
servations. This would suggest that X-ray AGN feedback is
much weaker in satellites as in centrals, whereas it should
be closer in order to match the data. It is not immediately
evident why X-ray feedback is weaker in satellites. Part of
the difference could owe to differences in the way centrals
and satellites are identified in observations versus our sim-
ulations; another possible explanation is that satellites may
have preferentially lower mass black holes, which may make
the transition to X-ray feedback less likely for these galaxies.
We will explore this further in future work. The MaNGA
data only probes out to 1.5Rhalf , but Simba can examine
these trends to larger radii, and predicts that the satellites
truncate their sSFR at ∼ 2Rhalf as opposed to centrals which
generally extend out to >∼ 3Rhalf .
Examining ΣHI (R) in the right panel, we see some dif-
ferences between centrals and satellites but they are gener-
ally much reduced relative to that seen for sSFR. Satellites
clearly show a steeper profile in the outskirts than centrals,
but interestingly at R <∼ Rhalf they actually have higher H i
surface densities. A mild central depression is seen in H i for
the more massive galaxies, and this drop is identical in the
centrals and satellites. Hence H i profiles are not quite as
dramatically sensitive to environment as sSFR profiles, but
nonetheless show a clear impact of gas suppression processes.
These trends are consistent with various potential en-
vironmental processes acting on satellite galaxies relative to
centrals. As for why the outskirts of the centrals and satel-
lites differ, satellites are more adversely affected by environ-
mental processes as their lower masses leave outskirts more
vulnerable. These processes include ram pressure stripping
(removal of gas due to heating in the intracluster medium
(Gunn & Gott 1972), galaxy harassment (gas removal due to
frequent high speed galaxy encounters (Moore et al. 1996),
mergers (collisions between galaxies (Toomre & Toomre
1972) and strangulation (galaxies are unable to replenish
their gas supply (Larson et al. 1980; Peng et al. 2015). These
processes leave different observational signatures. Strangu-
lation should deplete gas uniformly across the galaxy (‘ane-
mic galaxies’, e.g. van den Burgh 1991; Elmegreen et al.
2002; Spindler et al. 2018), whereas stripping removes gas
preferentially from the outskirts and could lead to enhanced
star formation confined to the galaxy center (Spindler et al.
2018). In our case we see that the inner regions of the satel-
lites are enhanced in both SFR and H i, while the outskirts
are more depleted than the centrals, which is broadly consis-
tent with a ram pressure stripping scenario (Cunnama et al.
2014; Rafieferantsoa et al. 2019).
4.6 Redshift dependence
We have shown that both inside-out and outside-in quench-
ing occurs in Simba in z = 0 green valley galaxies, and that
the driving physical mechanism within Simba appears to
be its X-ray AGN feedback implementation. An interesting
question is, when do these quenching mechanisms become
apparent? At higher redshifts, it becomes more difficult to
select green valley galaxies, owing to overall younger stel-
lar populations and an increased prevalence of dusty galax-
ies. However, it is still possible to examine massive galaxies,
which should have a higher fraction of galaxies in the process
of quenching than at lower masses. Here we examine the ra-
dial sSFR profiles of star forming galaxies at z = 2 in Simba,
as a function of M?, and compare to selected observations.
Figure 10 shows the radial surface density profiles of
sSFR for star forming galaxies at z = 2. We select star
forming galaxies as having log (sSFR/yr−1) > -9.5, to com-
pare with SINFONI observations at z = 2 (Tacchella et al.
2018), shown as orange/purple lines. We obtain 988 galaxies
in the low-mass bin (1010 M < M? < 1010.5 M), 318 in the
intermediate-mass bin (1010.5 M < M? < 1011 M), and 49
in the high-mass bin (M? > 1011 M).
In general the sSFR profiles steadily increase towards
the center. At z = 2, the profiles for low- and intermediate-
mass bins are nearly identical, whereas the profile for the
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Figure 9. Top: Radial profiles of ΣsSFR (left) and ΣHI (right) for star forming galaxies, split into centrals (dashed lines) and satellites
(dotted lines), shown for two mass bins as green and blue lines. Bottom: Ratio of sSFR (left) and ΣHI (right) radial profiles for satellite
and central star forming galaxies. Observations from Spindler et al. (2018) are shown as orange and purple lines. The horizontal black
dashed line shows where the profiles for satellites and centrals are equal. For all panels, the displayed radial profiles are the ratio of
the Tukey biweights of the satellite and central samples. The light shaded regions show the Tukey biweight scale estimator divided
by
√
N , combined with cosmic variance uncertainties from jackknife resampling over the 8 simulation sub-octants. Qualitatively, Simba
reproduces the trends seen in the observations, suggesting that it accounts for both internal and external quenching processes in satellites.
Quantitatively, centrals in Simba have a significantly larger sSFR suppression than satellites at the same mass compared to observations,
suggesting that X-ray AGN feedback is much weaker in satellites than in centrals.
highest mass bin shows lower sSFR at all radii. The profile
for the highest mass bin flattens at the center, and the other
masses show a slight decrease.
Comparing with what we have already seen at low red-
shift, first we see that at z = 2 there is active star formation
at all radii across the galaxies, without a sharp decrease to
zero at any point, whereas at low redshift the sSFR of star
forming galaxies drops to zero at ∼ 3Rhalf . Overall the level
of star formation across the galaxies is higher, as is expected
at high redshift. We find that the level of star formation is
sensitive to the exact sSFR cut used to select the galaxies,
but that the trends remain unchanged with different sSFR
cuts, so in this case the shape of the profiles is more impor-
tant than the exact level of star formation.
The trend of increasing star formation in the center is
similar to the No-jet and No-X models described in §4.4,
so it appears that the high redshift galaxies have not been
affected by AGN feedback nearly to the same degree as the
low redshift galaxies. This is not surprising since at high
redshift Simba’s AGN feedback has little impact in gen-
eral. This is because the black holes at high redshift tend
to have higher accretion rates and are thus emitting feed-
back radiatively (not in jet or X-ray form), which as shown
in Dave´ et al. (2019) has little impact on galaxy proper-
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Figure 10. Radial sSFR profiles for star forming galaxies at z = 2.
The displayed radial profiles are Tukey biweights of the individ-
ual galaxy profiles in each mass bin. The light shaded regions
around each line show the Tukey biweight scale estimator divided
by
√
N , combined with cosmic variance uncertainties from jack-
knife resampling over the 8 simulation sub-octants. Observations
of sSFR profiles of star forming galaxies from SINFONI (Tacchella
et al. 2018) at z = 2 are shown as the pink/purple lines. Active
star formation at all radii across the galaxies suggests that nei-
ther the mechanisms for outside-in nor inside-out quenching have
had a substantial impact.
ties. Similarly, at z = 2 the environmental effects that cause
the outside-in quenching (particularly in satellite galaxies,
see section 4.5) have not had a large impact, hence there
is active star formation into the outskirts. It thus appears
that at high redshift neither the mechanisms for outside-in
nor inside-out quenching have had a substantial impact. In
short, the AGN feedback modules responsible for quenching
in Simba are not yet much in place at z ∼ 2.
In contrast, Figure 10 shows that the observations in-
dicate the more massive star forming galaxies have clear
entral depressions in star formation even as early as z = 2
(Tacchella et al. 2018). The observed sSFR profiles are flat
for galaxies in the low mass bin, and the higher mass bin
shows some suppression at the center. It is clear that Simba
does not fully reproduce the observed trends at high red-
shift, suggesting that some aspects of the AGN feedback
implementation is unrealistic at early epochs. In particular,
if X-ray feedback is responsible for creating central holes as
seen at low redshift, then it may be that the X-ray feedback
is insufficiently effective at higher z in Simba. Reproducing
the central suppression in star formation at early epochs is
thus another test that can be used to constrain AGN feed-
back models.
5 SUMMARY
We have examined the profiles of star-forming (SF) and
green valley (GV) galaxies in the Simba simulation, a state
of the art cosmological hydrodynamic simulation that yields
a population of quenched galaxies in good agreement with
observations. We separate SF and GV galaxies via a non-
linear cut in SFR–M? space following Belfiore et al. (2018),
and focus on relatively well-resolved M? > 1010M galaxies.
We examine sSFR profiles, but also study profiles in SFR,
gas surface density, star formation efficiency (or depletion
time), and gas fraction. We further examine differences in
the profiles of central vs. satellite galaxies, and the evolution
of sSFR profiles out to z = 2. We compare to z = 0 observa-
tions of Belfiore et al. (2018) and Spindler et al. (2018), and
z ∼ 1 − 2 data from Nelson et al. (2016) and Tacchella et al.
(2018).
Our main conclusions are as follows:
• Simba reproduces z = 0 star-forming galaxy sizes well,
but yields quenched galaxies sizes that are too large at low
masses, and yields a redshift evolution in star-forming galaxy
sizes that is steeper than observed. This suggests Simba still
misses some quenching physics associated with small and/or
early quenching, and/or the sizes may still be somewhat im-
pacted by numerical resolution. For the majority of this pa-
per, we only employ z = 0 star-forming galaxy sizes.
• Examining z = 0 galaxy profiles, we see that the surface
density of star formation of all galaxies with M? > 1010M in
Simba shows a peak at R ∼ 0.5− 1Rhalf , where Rhalf is the r-
band half-light radius, an exponential dropoff to large radii,
and a central ΣSFR depression in high-mass star forming
galaxies and all green valley galaxies.
• The specific SFR profile shows a qualitatively similar
trend as the ΣSFR profile, with a sharper cutoff at ∼ 3Rhalf .
Together, this shows that the central depression in the sSFR
profile is a consequence of a lack of star formation in the core,
not an excess of bulge stellar mass.
• Green valley galaxies show lower overall ΣSFR and sSFR
at all radii, and have profiles with much larger central de-
pressions and rapid truncation at R >∼ Rhalf , than typical star-
forming galaxies.
• The H i surface density profiles for galaxies are virtu-
ally identical at 0.5<∼ R/Rhalf <∼ 3 for all star-forming galaxies,
but more massive systems show less ΣHI in the core and out-
skirts. GV ΣHI profiles are similar to SF profiles at R <∼ Rhalf ,
but show a much more rapid decline beyond the this.
• The molecular gas profiles, interestingly, show consid-
erably larger extent than the SFR or sSFR profiles, for both
SF anf GV galaxies. This is reflected in the H2 fraction
( fH2 = ΣH2/Σ∗) profiles, which are fairly flat for R >∼ 0.5Rhalf ,
for both galaxy types. In the core region, fH2 drops rapidly,
showing that the central depression is caused by an evacu-
ation of dense star-forming gas. In the outer region, there
is still substantial amounts of H2, but it is evidently not
forming stars.
• This is corroborated by examining the SF efficiency
(SFE=ΣSFR/ΣH2) profiles, which show a rapid decline in
the outskirts but no central depression. The change in GV
profiles in the outskirts is thus entirely driven by a dropping
SFE. A simple scenario in which gas with ΣH2 <∼ 1.1Mpc−2
doesn’t form stars roughly reproduces the mean SFR trun-
cation radius in SF vs. GV galaxies.
• We compare our SF and GV sSFR profiles to observa-
tions of Belfiore et al. (2018). Simba yields a central depres-
sion in sSFR in qualitative agreement with data, unlike the
EAGLE and Illustris simulations (Starkenburg et al. 2019).
Quantitatively, however, massive (M? > 1010.5M) SF pro-
files show too large a central depression, and the shape of
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the central depression in the GV galaxies is not in perfect
agreement with observations.
• Simba also yields a strong truncation in the sSFR pro-
files at R >∼ Rhalf for GV galaxies, which is not seen in ob-
servations. This is present in all AGN feedback variants, so
it is not associated in particular with quenching. In other
words, Simba galaxies quench inside-out as observed, but
some other physics may be incorrect which results in outside-
in quenching; this may be related to the star formation pre-
scription.
• Using test simulations with various AGN feedback mod-
ules turned on and off, we demonstrate the it is specifically
Simba’s implementation of X-ray AGN feedback that is re-
sponsible for creating the central depression. Turning this
off results in steeply rising profiles for GV galaxies, as also
seen in EAGLE and Illustris. While Simba’s X-ray feed-
back is quite heuristic (and was included mainly because
of the physical motivation outlined in Choi et al. 2012), this
demonstrates that some internal feedback process that gen-
erates outwards momentum deposition seems to be required
in order to generate green valley galaxy profiles as observed.
• Satellite galaxies show depressed sSFR relative to cen-
trals at R >∼ Rhalf , but an enhancement within (though still
depressed overall). This is qualitatively consistent with ob-
servations from Spindler et al. (2018), though in Simba the
core enhancement is larger than in the data. Simba also
shows a smaller radial extent of star formation in satellites
vs. centrals, at radii beyond the range that is probed by the
Spindler et al. (2018) data.
• The H i surface density profile of satellites is likewise
enhanced in the inner regions and depressed in the outer
regions relative to centrals, but the effects are more modest
than in the sSFR profiles.
• At z = 2, Simba galaxies do not show central sSFR
depressions in galaxies of any mass. This is understandable
because X-ray feedback in Simba is tied to AGN jet feed-
back, which become widespread only at z <∼ 1. However, this
prediction is in contrast to observed sSFR profiles from Tac-
chella et al. (2018) at z ∼ 2, which do show central depres-
sions in the most massive SF galaxies. Hence it appears that
Simba’s assumption of tying X-ray feedback to jet feedback
may need to be revisited.
Overall, our results demonstrate the valuable con-
straints provided by sSFR (and other) profiles of galax-
ies as they move from the star-forming to the quenched
regime. While it is encouraging that Simba’s X-ray feed-
back reproduces the observed central sSFR depressions in
green valley galaxies, the various other discrepancies high-
light that there are aspects of quenching in state of the art
models that require further improvement. Simulations such
as Simba with sufficient resolution to examine the internal
structure of galaxies, albeit coarsely, while still modeling a
representative galaxy population, can now take advantage of
these structural constraints to better understand the physi-
cal mechanisms by which galaxies quench.
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